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However, while the specific basis for the recognition of protein kinases by Cdc37 is unknown, recent studies have mapped the recognition motif to the N-terminal lobe of the catalytic domain of protein kinases (12, 24, 25) .
Hsp90 inhibitors have aided studies into the mechanisms underlying the function of Hsp90
and its co-chaperones [reviewed in (1) (2) (3) (4) ]. Hsp90's N-terminal nucleotide binding domain is the site of action for the Hsp90 inhibitor geldanamycin (26) (27) (28) , while its C-terminal domain contains a binding site for novobiocin, which also inhibits Hsp90 function (29) (30) (31) (32) . Analyses with these compounds, with nucleotides and nucleotide analogs, and with site-direct mutants that alter Hsp90's ATP binding and/or ATPase activity have revealed that Hsp90 function is regulated via the binding and hydrolysis of ATP, which modulates the switching of Hsp90 between at least three alternative conformations (1) (2) (3) (4) 32) . In the presence of geldanamycin, Hsp90 binds weakly to client kinases in a salt-labile fashion (20, 24, 33) . These aberrant Hsp90 heterocomplexes indicate that nucleotide-modulation of conformational switching is required to generate high affinity interactions of Hsp90 and Cdc37 with protein kinases (20, 24, 33) . Like geldanamycin, the anion molybdate inhibits Hsp90 function. However, in contrast to geldanamycin this inhibition reflects the ability of molybdate to "lock" or freeze Hsp90-kinase complexes in high-affinity salt-stable complexes (20, 24, 33) . Thus, molybdate causes the accumulation of Hsp90 complexes containing the Hsp90 co-chaperones p23, Cdc37 and an assortment of other "late" complex components, such as TPR motif-containing immunophilins (20, 24, (33) (34) (35) (36) (37) (38) (39) . However, while molybdate stabilizes the normally labile interaction of Hsp90 with steroid receptor clients (24, 33, 34 ), Hsp90's interactions with kinase clients are stable to high salt concentrations independent of molybdate freezing (20, 24, 33, 34) . Thus, we have utilized the ability of kinase constructs to trigger molybdate-independent, high-affinity, salt-stable by guest on http://www.jbc.org/ Downloaded from 5 interactions with Hsp90 and Cdc37 to define motifs recognized by these chaperones (24) .
In this report, we have systematically deleted secondary structural elements from the catalytic domain of the Hsp90-dependent Src-family protein tyrosine kinase Lck to increase the resolution of motifs recognized by Hsp90 and Cdc37. The data confirm that Cdc37 recognizes structures or sequences present in the N-terminal lobe of the kinase's catalytic domain.
Furthermore, the motifs within the N-terminal and C-terminal lobes of the catalytic domain that are required to trigger nucleotide-dependent conformational switching of Hsp90 and molybdateindependent high affinity binding of Hsp90 and Cdc37 to kinase constructs overlap at the junction of the two subdomains.
EXPERIMENTAL PROCEDURES
Plasmids. The coding sequences for protein domains and sub-domains were cloned by PCR into a modified pSP64T plasmid (40) as previously described (24, (41) (42) (43) . N-terminally Histagged versions of each domain were constructed. Sequences represented: the Lck NT-terminal domains (NT-SH2-SH3: residues 1-243); catalytic domain (Cat: residues 228-498); the Nterminal lobe (NL: residues 228-316) of the catalytic domain of Lck plus the linker region between the lobes (NL-linker: residues 228-336); the N-lobe of the catalytic domain (NL:
residues 228-316); the C-terminal lobe (CL) of the catalytic domain of Lck plus the linker between the two lobes (linker-CL: residues 317-498); the C-terminal lobe of the catalytic domain containing motifs (44) VIa-XI (CL: residues 336-498); the NL through conserved kinase motifs VIII (NL-APE: residues 228-410); the NL through conserved kinase motifs VII (NL-β7/8: residues 228-384); the NL through conserved kinase motifs VIb (NL-β7: residues 228-375); the NL through conserved kinase motifs VIa and the β6 sheet region (NL-αE-Cap: residues 228-361); the NL through conserved kinase motifs VIa (NL-αE: residues 228-355); Lck's catalytic domain encompassing kinase motif II through the CL (β3-CL: residues 261-498); the regions of Lck's catalytic domain encompassing kinase motif III through the CL (αC-CL: residues 276-498); the regions of Lck's catalytic domain encompassing kinase motif IV through the CL (β4-CL: residues 294-498); and the regions of Lck's catalytic domain encompassing kinase motifs IV-VIb (αC-β7: residues 276-375). These dissections are represented graphically in Fig. 1A .
Co-immunoprecipitations of chaperones with His-tagged kinase constructs. Lck constructs
were cloned via NcoI/EcoRI into a modified pSP64T plasmid that coded for an N-terminal His 6 -tag. Using a no DNA blank as control for non-specific binding (NS), each construct was synthesized and radiolabeled with [ Immunoresins were then washed once with P50T (10 mM Pipes (pH 7.2), 50 mM NaCl, and 0.5% Tween-20), three times with P500T (same as P50T except with 500 mM NaCl), and again with P50T. No NaMoO 4 was present in the wash buffers. Finally, the samples were boiled in SDS sample buffer, separated on SDS-PAGE, transferred to PVDF membrane, and blotted for both endogenous Hsp90 and Cdc37 (24) .
To load approximately equal molar amounts of each translation product, a portion of each
TnT reaction was spotted on a piece of filter paper, and precipitated with 10 % trichloroacetic acid. After boiling the filters in 5% trichoroacetic acid, the filters were washed sequentially with (Fig. 2 ). Hsp90 and Cdc37 also co-adsorbed with the NL construct of Lck, but molybdate was required to stabilize their interactions. Hsp90, but not Cdc37, interacted with the CL-linker construct of Lck and molybdate was also required to stabilize this interaction to washing with high salt buffer. No Hsp90 or Cdc37 was found to coadsorb with the NT-domains of Lck (NT-SH3-SH2) in the presence or absence of molybdate. Thus, the interaction of Hsp90 and Cdc37 with Lck was confined to its catalytic domain, and, as we have previously observed, the interaction of Cdc37 was localized to the NL of Lck (24).
Definition of the minimal motifs within the C-lobe of Lck's catalytic domain required for
molybdate-independent high-affinity binding of Hsp90 and Cdc37. To further delineate the kinase segments that interacted with Hsp90 and Cdc37, we utilized the crystal structure of Lck's kinase domain as a guide to express constructs from which conserved kinase sequence motifs were deleted from the C-terminal lobe of the kinase ( Figure 3 ). The Lck constructs containing the NL and deletions that terminated the catalytic domain just after the "APE-box" (motif VIII, N-APE), the conserved DFG residues (motif VII, NL-β7/8) and the conserved HRDL(K/R)xxN residues (motif VIb, NL-β7) formed complexes with Hsp90 and Cdc37 that were stable in high salt in the absence of molybdate, and the binding occurred at levels that were nearly equivalent to the binding of the catalytic domain (Fig. 3A) . The Lck construct that contained the NL and sequences from the linker region terminating with the α-D-helix that connects the two kinase lobes (motif V, NL-linker) showed a very weak salt stable interaction with Hsp90 and Cdc37, motifs were deleted from the N-terminal lobe. Constructs of the catalytic domain were made from which: the β1 and β2 sheets (motif I) were deleted (β3-CL); the β1, β2, and β3 three sheets (motifs I-II) were deleted (αC-CL); the region from the β1 sheet through the α-C-helix was deleted (motifs I-III, β4-CL); the region from the β1sheet through the β5 sheet was deleted (motifs I-IV, linker-CL) and the region from the β1 sheet through the connecting strand including the α-D-helix was deleted (motifs I-V, CL). Of these constructs, the β3-CL and the αC-CL constructs showed molybdate-independent salt-stabile interactions with Hsp90 and Cdc37 that were reduced by approximately 50% compared to the Lck catalytic domain (Fig. 4A ).
The β4-CL, linker-CL and the CL constructs showed no interaction with Hsp90 or Cdc37 in the absence of molybdate. In the presence of molybdate the β4-CL and the linker-CL constructs were found to have a very weak interaction with Hsp90, but no interaction with Cdc37. The CL construct showed no interaction with either Hsp90 or Cdc37 in the presence of molybdate. Thus, the presence of the α-C-helix within in the N-lobe of the Lck kinase was required for the binding of Cdc37. In addition the region of Lck that connects the N-and C-lobes of the catalytic domain is required for minimal recognition by Hsp90, and the presence of molybdate is required to stabilize this interaction.
Determination of the effect of the region that links the N-and C-terminal kinase lobes on
Hsp90/Cdc37 binding. To test the hypothesis that the borders required for Hsp90 and Cdc37 that were identified in the experiments shown in Figures 3 and 4A defined the minimal Hsp90/Cdc37
interacting motif a construct of Lck was made that contained the region between the α-C-helix and β7 sheets (motifs III-VIb, αC-β7). While the αC-CL and the NL-β7 constructs demonstrated molybdate-independent salt-stable binding to Hsp90 and Cdc37, albeit at a somewhat reduced level, no interaction of the αC-β7 construct was observed with Hsp90 and Cdc37, even in the presence of molybdate (Fig. 4B ).
DISCUSSION
The work presented here further defines the motifs or structures that are required for recognition of kinases by Hsp90 and Cdc37, as defined by molybdate-stabilized binding of containing the complete C-lobe of Lck, the minimum N-lobe structure consists of the α-C-helix and the β-4/5 sheets, while for the complete N-lobe the minimum C-lobe structure consists of the α-E-helix and the residues that cap its structure at its C-terminus [equivalent in kinase nomenclature to the β6 strand of the cAMP-activated protein kinase (44)]. Although it is noteworthy that inclusion of catalytic residues that follow the β-7 sheet in the C-lobe restore nearly wild-type binding of Hsp90 and Cdc37 to construct of Lck's NL. However, the combination of these minimum structures, the construct containing the α-C-helix through the α-E-helix-cap (αC-β7) does not bind Hsp90 or Cdc37. This finding is consistent with observation that substantial or partial folding of client proteins appears to occur prior to recruitment of Hsp90 to the client. Thus, we have further defined the minimum motifs within protein kinase clients that are recognized and "trigger" the Hsp90 chaperone machine to undergo its nucleotide-mediated conformational switching. Furthermore, the results indicate that the presence of the minimal Cdc37 recognition motif is not sufficient to stabilize the binding of Cdc37 to the construct in the absence of a stabile interaction of the construct with Hsp90.
The localization of this "switching motif / conformational trigger" is also noteworthy as the minimal structures within the two domains intersect at the region that makes up the "hinge" between the two lobes of the kinase (54) . With the exception of the "activation-loop", comparison of crystal structures of inactive and active conformations of protein kinases indicate that the position of residues contained within the C-terminal lobe of protein kinases are nearly superimposable. Additionally, this analysis of kinase structures indicates that the αC-helix-β4
loop and the peptide strand connecting the N-terminal and C-terminal catalytic lobes act as a key region for global changes in kinase conformation that regulate the activation and activity of protein kinases (54) . Our data suggest that these kinase motifs are critical for the binding of Hsp90 and Cdc37 to kinases. Furthermore, the superimposition of kinase structures indicate that the α-C-helix of the N-lobe is rather randomly disposed, but with structural elements meeting at the point of the "hinge" (54) . This region is located where the α-E helix intersects with the loop between the α-C-helix and the β4-strand of the N-lobe and the linker region between the two kinase lobes. At this point the β7/8 strands, which contain the catalytic kinase residues present in the C-lobe, loop over the α-E-helix and pass between the loop connecting the α-C-helix and β4-strand and the strand that connects the two kinase lobes (Fig. 5A ). Premature packing of the α-C-helix-β4 loop and the peptide strand connecting the two catalytic lobes onto the α-E-helix would preclude the proper positioning of the β7/8 strands. Thus, the Hsp90 chaperone complex may function to allow the independent folding of the two catalytic subdomains of protein kinase prior to their subsequent packing into an active or activatable structure. This hypothesis would be consistent with the apparent requirement for at least one full kinase subdomain and additional sequences within the second subdomain, and that the minimal motifs required for triggering high affinity binding of Hsp90 intersect at the point at which the two subdomains interact.
Comparisons of crystal structures indicate that twisting motions about the hinge affect the relative position of the N-terminal kinase lobe and the α-C-helix. This motion affects the position of the conserve catalytic Lys and Glu residues relative to the catalytic residues present in the C-terminal lobe (54) , such that small perturbations of these structural elements have significant effects on kinase conformation, and kinase activity (54) . Furthermore, in the absence of bound nucleotide, the hydrophobic pocket that is occupied by the adenine ring may collapse upon exposure of the ATP binding pocket to water. Thus, the Hsp90 chaperone machinery may function to correct structural perturbations that render the catalytic domain inactive by physically separating the two subdomains of a kinase's catalytic lobe allowing them to refold 16 independently. Concurrently, Cdc37 might function to stabilize the orientation of the catalytic Glu residue in the α-C-helix relative to the position of the catalytic Lys. Subsequently, the kinase subdomains would then be released from the Hsp90/Cdc37 complex and allowed to interact (repack) into an active or activatable conformation that is capable of binding ATP.
What mechanisms then govern Hsp90's recognition of protein structures and its switching from low affinity to high affinity binding? The data of Pratt and co-workers (6) suggest a model of the ligand-binding domain (LBD) of the glucocorticoid receptor acting as a "hinged pocket".
They propose that Hsp90 recognizes α-helical structures that interact at the interface between the two subdomains of the LBD, and that sequences present in a β-sheet structure function as a hinge between the two subdomains. This interaction of Hsp90 with the LBD is proposed to break the hydrophobic clasp formed by the interaction between the two subdomains, allowing hormone to access its ligand binding site. The trypsin sensitivity of the LBD near the β-stranded region suggests that its flexibility would allow separation of the two subdomains (6) . Similar to the findings reported here, deletion analysis of the LBD (14) indicates that a construct containing the complete N-terminal subdomain of the LBD and the β-stranded hinge through the first α-helix of the C-terminal portion of the ligand binding subdomain is the minimal construct of the glucorocorticoid receptor that binds Hsp90 (Fig. 5B) .
Of further interest is the observation that the two strands of β-sheet that make up this proposed hinge are a single layer motif with the sequence 620-LLCFAPDLII-629. The side of the sheet facing the ligand binding pocket is composed exclusively of hydrophobic amino acids, with the surface of the sheet also having considerable hydrophobic character. The "hole"
representing the ligand binding pocket results in both sides of the β-sheet being exposed to solvent. Thermodynamics might favor the collapse of the β-sheet structure into the protein's interior in the absence of hormone occupying its binding pocket, considering that this region has been reported to be conformationally mobile (6) . Thus, an additional consequence of Hsp90 separating the two subdomains of the LBD would be to reposition the β-strands, and allow refolding of the hormone-binding pocket.
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